New varieties of plants resistant to pests and/or tolerant to specific herbicides such as maize, soybean, cotton, sugar beets, canola, have been recently developed by using genetic transformation (GT). These plants contain detectable specific active recombinant DNA (rDNA) and their derived protein. Since they have not been selected for a modification of their chemical composition, they can be considered as substantially equivalent to their parents or to commercial varieties for their content in nutrients and anti-nutritional factors. However, insect protected maize is less contaminated by mycotoxins than its parental counterpart conferring a higher degree of safety to animal feeds. The new feeds, grain and derivatives, and whole plants have been intensively tested in vivo up to 216 days for their safety and their nutritional equivalence for monogastric farm animals (pig, poultry) and ruminants (dairy cows, steers, lambs). The present article is based on the interpretation and the summary of the scientific results published in original reviewed journals either as full papers (33) or as abstracts (33) available through September 2003. For the duration of the experiments adapted to the species, feed intake, weight gain, milk yield and nutritional equivalence expressed as feed conversion and/or digestibility of nutrients have never been affected by feeding animals diets containing GT plants. In addition, in all the experimental animals, the body and carcass composition, the composition of milk and animal tissues, as well as the sensory properties of meat are not modified by the use of feeds derived from GT plants. Furthermore, the health of animals, their physiological characteristics and the survival rate are also not affected. The presence of rDNA and derived proteins can be recognized and quantified in feeds in the case of glyphosate resistant soybean and canola and in the case of insect protected maize. However, rDNA has never been recovered either in milk, or in liver, spleen and muscles tissues of animals, or in rumen bacteria. On the basis of these data, it can be suggested that in vivo tests on high producing animals are necessary and sufficient to evaluate the safety and the nutritional value of new GT plants. 
Introduction
Genetically modified (GM) major feed crops have been recently developed and disseminated to produce animal feeds and fibrous material. Thus, pest protected plants, maize and cotton, and herbicide tolerant soybean, maize and canola are currently grown in the American continent representing up to 70% of the U.S. planting in 2001 (Faust, 2002) . Sugar/and fodder beets tolerant to different herbicides have also been successfully developed . And recently, a new variety of wheat resistant to glyphosate has been developed and tested for safety in the pig species (Peterson et al., 2003) .
Farm animals are currently fed soybean and soybean meal developed from genetic transformation as well as maize and maize products such as corn gluten feed and meal. Europe is strongly dependent upon the American continent for its protein requirements amounting up to 90 to 95% for soybean, 40 to 60% for maize derivatives and partly for canola grain or meal. The world production of genetically modified soybean tolerant to glyphosate is currently estimated at 66%. In addition, ruminant animals are huge potential consumers of whole pest protected and herbicide tolerant maize plants used either as fresh or ensiled forage Barrière et al., 2001) . They are also potential future users of herbicide tolerant beets (Weisjberg et al., 2001) .
Besides the legislation on the authorization of the dissemination of GM crops in Europe, it is of utmost importance that animal scientists should be involved in the assessment of the safety issues associated with the use of these new plants in the diet of farm animals (Beever and Kemp, 2000) and their consequences on the safety of the food chain (Chesson, 2001) . Moreover, animal nutritionists should evaluate the nutritional equivalence and the efficacy of the new feeds, in comparison with near isogenic or conventional varieties of plants (Hammond et al., 1996; Brake and Vlachos, 1998; Aumaitre et al., 2002; Cromwell et al., 2002) . Fortunately, numerous data have been obtained in national institutions and universities, realized sometimes in the frame of a dossier of authorization of dissemination of the new constructs. Since 2000, they have been mostly published in the form of original papers in the referred scientific literature or displayed at the occasion of annual meetings of scientific associations (Faust et al., 2000; Aumaitre et al., 2002) . Data available for the present review included those extracted from 33 original papers or book chapters and results of 33 additional abstracts presented and discussed at different scientific meetings through September 2003. Their main purpose was to assess the safety and evaluate the feeding value of GM plants with respect to farm animals.
Chemical composition of new plants: nutrients and anti-nutritional factors
For more than a century animal scientists have considered the chemical composition of feedstuffs as a prerequisite for the evaluation of their nutritional and feeding value. Similar data have been used for the characterization of new plants and plant products to conclude on their substantial equivalence with conventional plants Sidhu et al., 2000; Aumaitre, 2002) . These data are imperatively required for the expression of their potential nutritional value based on the classical determination of crude protein, fat carbohydrate, crude fiber and total ash content, leading to a first estimation of digestible and/or net nutrients for the different categories of farm animals, mainly pigs, poultry and ruminants.
Comparative chemical composition of new plants
New plants and their component parts including grain, leaves, stems or their derivatives have been analyzed in detail for their major constituents, total nitrogen, fat, total carbohydrates, minerals and fibrous compounds. In some cases, depending upon the source of feeds, individual amino acids, fatty acids, trace elements and vitamins have also been quantified in new feeds. As an example, the comparative chemical composition of GM maize either herbicide tolerant or pest protected (Bt) is given in Table 1 . In general, there are no significant differences in the level of major nutrients expressed on the basis of the dry matter in the kernel or in the whole maize plant between the transformed plant and the near isogenic or control plants. However, variations in the chemical composition can be associated with year, climatic conditions and fertilization or soil conditions. It is consequently advisable to compare the values with data observed for similar plants and plant products and published in the scientific literature, and with the range of the feed tables.
Thus, these first basic data lead to the provisional conclusions that insect protected plants and herbicide tolerant plants are substantially equivalent to near isogenic and control plants. Additional information published, for example, on the level of expressed insecticidial proteins such as CRYIA(b) on maize resistant to the European corn borer Ostrinia nubilalis are also of interest. Maximum values, largely variable according to the age of the plant, amounted to only 8 nanograms per gram fresh product in the kernel compared to up to 1mg/kg of fresh product in the leaves of Bt 176 maize. This amount of expressed protein which can hover up to 9.5 µg/g fresh weight in the case of Bt MON 810 maize leaves (FSA.agbios.com. 2003) Sidhu et al., 2000; Barrière et al., 2001; cannot significantly modify the gross chemical composition (Fearing et al., 1997) . Attention has also been paid to the potential effect of the genetic modification on the content in anti-nutritional factors (ANFs). Data on major ANFs of soybean resistant to glyphosate demonstrated that neither lectins, nor trypsin inhibitors (TI) content of raw beans are modified. Moreover, trypsin inhibitors are similarly destroyed during heating associated with oil extraction and preparation of soybean meal. In addition, the activity of urease measured by the variation in pH is efficiently reduced by heat treatment whatever the genotype of the soybean kernel. Also, the level of isoflavones in the kernel and in the leaf has not been affected by the genetic modification. However, the only chemical analysis considered as the basis of the substantial equivalence cannot be used to conclude to the safety of the new plant issued from the genetic modification. Substantial equivalence is not and has never been synonymous with safety, neither in Europe (Chesson, 2001) , nor in the United States (Faust, 2002) . Other measures on the apparent digestibility of the nutrients can help to detect unintentional effects on the bio-availability of nutrients or on the presence of potential unknown toxicants in new plants Böhme et al., 2001) .
Insect damage and mycotoxin contamination of maize
Pest protected plants mainly concerned maize commonly used as fresh and whole plant in animal feeding and cotton only marginally used as cottonseed meal in animal (ruminant) feeding (Faust, 2002) . The protection of these crops against damage caused to the maize plant during the growing season can prevent the development of moulds from Fusarium sp in the maize cob as well as in the whole plant. Pre and post harvesting growing of moulds eased in damaged crops lead to the simultaneous production of numerous mycotoxins generally deleterious for the health of animals. Recent data collected on the level of fumonisin B1 in maize grown in different European countries such as Germany, Italy Spain and France (Cahagnier and Melcion, 2000) and in the USA (Munkvold et al., 2002) are interesting to discuss. Insect resistant (Bt) maize is in general efficiently protected from the damage caused by ear worms, leading to a spectacular reduction in the proportion of maize cobs contaminated by Fusarium. The kernel and the whole plant are subsequently less contaminated by Fumonisin B1 (Table 3 ). Additional data indicated that the level of fumonisin continue to increase even during storage of the silage although the level of contamination is apparently not linked with the level of moisture at harvesting Table 2 .
Main antinutritional factors in raw soybean and soybean meal: absence of effect of genetic modification for glyphosate resistance (Adapted from Padgette et al., 1996) . stage. However, the level of contamination is highly dependent on the genotype and the sensitivity of the plant, the climatic conditions, and the development of pests (Cahagnier and Melcion, 2000) . But no clear indications are available in the scientific literature on the in vivo effect of fumonisin B1 as that of deoxinivalenol which is always associated with fumonisin in the kernel (Valenta et al., 2001) . Growth retardation in the piglets fed maize grain has been associated with the presence of both toxins in an isogenic control variety of maize used in the experiment (Piva et al., 2001a) . These data indicated a potential advantage of pest protected GM maize in the prevention of mycotoxin development and the safety for farm animals of new maize protected from the European corn borer.
Safety assessment and nutritional equivalence of GM feeds for farm animals
The assessment of the safety of new feeds for farm animals and consequently of the safety of food from animal origin has lead to the recommendation expressed by international bodies or individual countries (OECD, 2000; Chesson, 2001; Kleter and Kuiper, 2002) . It implies numerous molecular, biochemical, biological and toxicological methods which are individually seldom sufficient to conclude on a final assessment. The initial assessment of the eventual toxicity of inserted genes and expressed protein essayed by in vitro and/or in vivo methods or with the methods of acute toxicity will not be presented and discussed in the present paper (For more information, see Noteborn et al., 1994) .
Only the assessment of the whole feed issued from GM pest protected plants (Bt) or herbicide tolerant to glyphosate and glufosinate will be developed. The safety for farm animals receiving a diet containing up to 95% of these plants in case of fattening steers and the safety of the food chain has been particularly considered. Results on experiments comparing GM plants to their isogenic counterparts published through September 30, 2003 in the specific international scientific literature have been used. They can be considered a comprehensive basis to assess the safety and the nutritional value of plants incorporated at the maximum level in balanced diets chronically fed to farm animals. The following procedure has been used to compile the data issued from the comparison of new plants to their near isogenic counterparts: -The different parameters, depending on the animal species and measured during the experimental tests are used; -The equivalence of the new feeds compared to the near isogenic control plants is established Table 3 . The content of fumonisin B1 of the kernel and the whole maize plant is significantly reduced in the pest resistant (Bt) plant (Munkvold et al., 2002 
Safety and comparative nutritional values of pest protected (Bt) and herbicide tolerant plants
The safety of the new plants obtained by genetic engineering must be demonstrated prior to the dissemination in the environment in Europe and in the U.S. (Council Directive EEC, 1990; Directive 2001 /18/EC, 2001 US FDA 1992) . Laboratory animals have been used in the first steps of the demonstration of the safety of new plants (Hammond et al., 1996) . However, very few data have been published in the scientific literature on the safety and the nutritional value of GM plants in laboratory animals. Also, nutritionists have favored farm animals for which numerous studies have been completed and results published in reviews or abstract papers. Zootechnical data classically demonstrated the particularly high sensitivity of high producing dairy cows or fast growing chickens to the presence of either ANFs, toxic substances and the imbalance of their diet in available nutrients. All authors estimate that any deleterious effect caused by a diet based on new plants would point out defects or toxicity.
The safety and the nutritional properties of pest protected plants (Bt) are summarized in Tables 4 and 5 . Thus, Bt maize kernels used as a basic ingredient of the diet of different animal species, never show an adverse effect on average weight gain, feed conversion, digestibility of nutrients and body composition during appropriate minimum duration lasting, for instance, the entire life of broilers. Experimental hazards occurred in two experiments performed with Bt MON810 and corn root worm protected event MON863 maize fed to broiler chickens and fattening steers, respectively. They even demonstrate in two cases a significant improvement (P< 0.05) of their perfor- (b) Brake and Vlachos, 1998; Piva et al., 2001b; Gaines et al., 2001a; Taylor et al., 2001a; Sidhu et al., 2000; Taylor et al., 2001b. (c) Kan et al., 2001 .
(d) Weber et al., 2000; Piva et al., 2001a; Reuter et al., 2001; Gaines et al., 2001b; Fischer et al., 2003; Bressner et al., 2003. (e) Van der Pol et al., 2002. (f) (a) Folmer et al., 2000; Faust, 2000; Barrière et al., 2001; Grant et al., 2003; Donkin et al.,2003. (b) Maierhof et al., 2000; Hendrix et al., 2000; Berger et al., 2003. (c) Castillo et al., 2001a; Castillo et al., 2001b. (d) Digestibility trials on adult rams, or in vitro studies Gaines et al., 2001a; Taylor et al., 2001a; Sidhu et al., 2000; Taylor et al., 2001b; Hammond et al., 1996 . Pig: Stanisiewski et al., 2001 Fisher et al., 2002; Gaines et al., 2001b . Steers: Simon et al., 2002 Berger et al., 2002 . Dairy cow: Donkin et al. 2000 Donkin et al., 2003; Ipharraguerre et al., 2002; Grant et al., 2002; Grant et al., 2003. (b) Hammond et al (1996) ; Cromwell et al., (2002) ; Hammond et al., (1996) .
(c) Castillo et al., 2001a; Castillo et al., 2001b. (d) Stanford et al., 2002. (e) Böhme et al., 2001; Weisjberg et al., 2001 .
(f) Measurements on adult ram. mance in comparison with animals fed near isogenic maize (Table 4) . Another experiment conducted on laying hens fed a diet based on Bt maize demonstrated similar performance for laying rate, feed conversion expressed as feed/kg eggs produced and similar energy content as control maize . Whole plants of different Bt maize containing the expressed protein and fed successively up to 216 days to ruminants had no deleterious effect on feed intake, nutritional equivalence and average daily gain on the one hand in steers, and on the other hand on milk production and composition and body score of high producing dairy cows (Table 5) . Similarly, feed issued from GM plants and their derivatives have been tested in farm animals in the case of plants tolerant to specific herbicides. The results of a total of 23 experiments conducted on broiler chickens, pigs, fattening steers, growing lambs or adult rams and dairy cows have been summarized in Table 6 . The nutritional equivalence of glyphosate resistant maize grain or whole maize silage expressed as metabolizable energy corrected for zero nitrogen balance (MEN) in poultry or as feed conversion ratio or milk production in dairy cows, respectively has always been demonstrated. Soybean, cotton or canola resistant to glyphosate fed to appropriate animals as raw seeds or meals after oil extraction were also nutritionally equivalent to their parental counterpart. Similar comparative experiments have been performed with kernels of maize resistant to glufosinate fed to pigs and adult rams. Digestible trials also demonstrated nutritional equivalence between feed derived from modified and control plants (Table  6) . Recently, an experiment conducted on swine (a) Berger et al., 2002; Fisher et al., 2002. (c) fed diets containing glyphosate tolerant wheat for 100 days have shown similar performance to that of pigs fed diets containing non-transgenic control wheat (Peterson et al., 2003) .
Potential physiological and metabolic effects
The majority of experiments designed to evaluate the nutritional equivalence do not generally include all specific observations recommended in toxicological tests recommended for assessing the safety of feed additives, chemical components or drugs. The dose/response test in case of feed ingredients is unfeasible and leads to additional experimental difficulties. Thus, no data are generally available on the organ weight such as liver, kidneys, digestive and reproductive tracts of experimental animals at slaughter. In the case of fattening steers and slaughter pigs, only the carcass yield has been measured and remained not affected by feeding GM plants in their diets (Tables 6, 8 and 9) .
However, data observed on rats fed herbicide tolerant soybean failed to demonstrate significant effects on organ weight including kidneys and testes (Hammond et al., 1996) . Complementary physiological investigations have concerned the hormonal status of dairy cows fed fodder beets resistant to glyphosate supplying 20/22% of the dry matter intake for 12 weeks. The mitogenic activity of milk whey fraction and blood plasma measured on mammary epithelial cells has not been modified in animals fed GM plants. Similarly, the serum level of insulin, of bovine growth hormone (bGH) and insulin like growth factor binding protein (IGF BP3) and enterolactone have not been modified by using feeds developed from GM beets. Incidentally, all these parameters can be significantly modified by merely changing the botanical composition of the basal forage or silage fed to the dairy cows (Weisjberg et al., 2001) . Studies on the potential metabolic effect of soybean meal issued from glyphosate resistant modified plant, neither demonstrate differences on the nitrogen balance, nor on the proportion of volatile fatty acids in the ruminal fluid. The pH of the rumen and the level of ammonia have also not been modified by the origin of the beans (Hammond et al., 1996) .
Quality of animal products and safety of the food chain.

Quality of animal products
Experiments conducted by nutritionists investigating the potential consequences of feeding GM crops to farm animals have also concerned the control of the quality of animal products and milk. Typical comparative data collected on carcasses of steers and pigs are summarized in Table 8 . They show no effect, neither on back fat thickness, nor on marbling scores of meat in steers fed glyphosate NK603 maize grain almost their entire life. Furthermore, no difference in the main characteristics of the Longissimus muscle expressed by loin area and chemical composition have been demonstrated. Also, pathological lesions expressed by the very low percentage of liver abscess in fattening steers have not been significantly modified by feeding glyphosate resistant maize silage to steers. Similarly, the addition of glyphosate resistant soybean meal in the diet of growing finishing pigs had no effect on the average lean daily gain, and the back fat thickness of the animals at slaughter. Physical characteristics of pork chops expressed by cooking losses and sensory traits of meat expressed by juiciness, tenderness and flavor were not affected by feeding conventional or glyphosate resistant soybean meal (Cromwell et al., 2002, Table 9 ).
Neither the quantity of fat corrected milk, nor the quality of milk characterized by its fat or protein content, nor the proportion of casein in the total protein have been modified in milk of dairy cows receiving insect protected maize silage (Faust, 2000; Barrière et al., 2001; Clarke and Ipharraguerre, 2001 , Table 10 ). Initial data on the absence of modification of the chemical composition of Bt resistant and herbicide tolerant plants is generally considered as a good predictor of the results concerning the quality of the products issued from animal fed GM plants.
Food safety
Biological evidence of the presence of foreign (M13) DNA ingested by mice reaching peripheral leukocytes and internal organs has raised the important question on the fate of recombinant DNA (rDNA) in tissues of farm animals (Schubbert et al., 1997) . Systematic tests have been essayed on the detection of the presence of rDNA but also animal DNA and chloroplastic DNA in milk, animal tissues and eggs and eventually in rumen bacteria. However, it is relevant to recall that a cow fed Bt resistant maize silage only ingests 600 mg of total DNA daily and that only 0.00042 % can originate from CryIA (b) DNA (Beever and Kemp, 2000) . Moreover, highly degradable CryIA (b) is either in non detectable amounts or only at very low signals in insect protected maize silage according to Fearing et al., (1997) and Faust (2000) , respectively. During silage CryIA(b) protein is highly degraded; however, DNA is fragmented but still detectable months after silage (Hupfer et al., 1999) . This degradation during the fermentative process of silage is further limiting the risk of recovering the rDNA in animal products. Extended tests using specific polymerase chain reaction (PCR ) for DNA amplification have been used to characterize CryIA (b) or Cp4epsps rDNA in feeds and animal products. Results of 4 experiments available in the scientific literature on Cp4epsps rDNA are summarized in Table 11 . The presence of Cp4epsps rDNA can be detected and even quantified in a diet containing as little as 0.1 % of GM plant (Phipps et al., 2002) . However, in all cases, neither positive signal has been identified in milk of dairy cows fed 12 successive weeks glyphosate tolerant soybean meal (Phipps et al., 2002) , nor in muscle of broilers and pigs fed glyphosate resistant soybean, respectively (Khumnirdpetch et al., 2001; Jennings et al., 2003) . These results agreed with data of Faust (2000) observed on 147 samples of cow milk from animals receiving either insect resistant maize from Bt176 or Bt11 events. An original experiment also demonstrates the persistence of rDNA from glyphosate tolerant canola during processing for oil extraction. But only fragments of rDNA have been detected in ruminal fluid incubated with GM canola. Conversely, absolutely no amplifiable rDNA inserted in canola is present in rumen bacteria (Alexander et al., 2002) .
Results of 8 experiments concerning Bt rDNA are also available: 3 of them on lactating cows, 1 on fattening steers, and 4 on chickens. They demonstrate, in particular in 3 experiments out of 3 for cow milk, or in 6 tests out of 6, the absence of Bt rDNA in muscle, liver, kidneys and spleen of broilers and in eggs and feces of laying hens, and further in liver, kidneys and spleen of fattening bulls as in feces of dairy cows . The specificity of the identification techniques has extensively been checked using samples of milk spiked with original Bt rDNA, (Faust, 2000) . However, chloroplastic (maize) DNA has been transiently recovered in chicken muscles, liver, kidneys and spleen of broilers . Similarly, plant DNA fragments of 140bp have been identified in the liver, the Longissimus dorsi muscle and in the ovary of the pig up to 72 hours after the administration of maize (Reuter and Aulrich, 2002; Reuter and Aulrich, 2003) . As a consequence, data seem to indicate that the presence of exogenous DNA in tissues originating from food corresponds to a normal situation, but its biological significance is not known. Table 9 .
The sensory properties of the meat are not affected by feeding growing finishing pigs a diet based on glyphosate resistant soybean (Adapted from Cromwell et al., 2002 (a) Phipps et al., 2002; Klotz and Einspanier, 1998; Alexander et al., 2002; Khumnidpetch et al., 2001 ; (e) Jennings et al., 2003; Einspanier et al., 2001; Phipps et al., 2001; Glen, 2001; (i) Faust 2000; (j) Aulrich and Flachowsky, 2001. Finally, specific proteins coded by CryIA (b) DNA in Bt176 and Bt11 cannot be found according to Faust (2000) in 67 and 80 samples of milk, respectively, investigated from experimental cows fed GM maize silage. Also Jennings et al., (2003) failed to find CP4EPSPS protein in the muscle of pigs fed glyphosate tolerant soybean meal.
Conclusions
Almost all the experiments considered in the present paper have been conducted in national institutes or university laboratories under good laboratory practices. The present analysis concerned data collected on farm animals consuming up to 95% of their dry matter intake as genetically modified insect protected or herbicide tolerant plants. Results published in referred reviews lead to the following conclusions: a) No deleterious effect concerning the eventual toxicity of GM plants approved for dissemination for animal feeding have been described; b) Data confirmed that genetic constructs used for creating insect resistant and herbicide tolerant plants previously tested by appropriate bio molecular methods are safe for animal feeds; c) Scientific methods used for the assessment of the safety and recommendations for the dissemination of new plants including their massive use in animal feeding have been always appropriate to detect eventual defects on health of animals and performance; d) The absence of rDNA either as whole gene or fragment in animal products, milk, meat and eggs has always been confirmed in the results of 12 publications out of 12 published in the literature and observed in several hundreds of samples.
Research concerning the modern techniques used in plant breeding, including genetic manipulation must be encouraged in order to assess the safety of feeds for animals and further to produce safe food for humans. Further steps would concern the selection of plants more balanced in their chemical composition, in comparison with the nutritional requirements of farm animals. Higher nutrient content and a better availability of these nutrients (protein, amino acids, fatty acids, minerals, trace elements and vitamins) and less anti-nutritional factors are expected by the nutritionists. in vivo experiments conducted on target animals appropriately selected according to the destination of the plants (ruminants, monogastric animals) can be strongly recommended to assess the safety of new feeds in order to prevent potential risks of the presence of ANFs or toxic undesirable factors.
Presently farm animals in Europe and elsewhere already have received the daily maize, canola, cotton and /or soybean meal from GM plants. Previous tests on target animals performed to assess their safety before dissemination in the environment are prerequisites for preventing potential risks for the health of animals and the consumer of animal products.
Part of this paper was first presented at the French Senate Symposium of the CGB, September 2002.
